INTRODUCTION
Infectious disease caused by the consumption of contaminated foods has long been a public health concern. Cronobacter sakazakii has recently gained attention as an emerging food-borne pathogen due to the high risk of mortality associated with the consumption of contaminated powdered infant milk formula. C. sakazakii is a lifethreatening opportunistic food-borne pathogen that can affect immunocompromised individuals of all ages but predominantly neonates and infants less than 4 weeks old. It is responsible for necrotizing enterocolitis, meningitis and bacteraemia in infected infants with reports that up to 80 % of infantile infections result in death, with any survivors suffering severe neurological damage (Farmer et al., 1980; Bar-Oz et al., 2001; Chang et al., 2010) . Cronobacter spp. are ubiquitous in the environment and have been isolated from plant materials, fruits and vegetables, among other sources. However, the proposed route of infection in infants is through the consumption of contaminated powdered infant milk formula (Kandhai et al., 2004; Al-Holy et al., 2008) . C. sakazakii has a unique ability to survive for long periods in unusually dry conditions, a contributing factor to the pathogenicity of the organism, which supports a high survival rate in unfavourable environments (desiccation and osmotic stress) typical of powdered infant formula (Barron & Forsythe, 2007) . Powdered infant formula is not manufactured as a sterile preparation and therefore contamination is likely during manufacture. C. sakazakii has been isolated from powdered infant formula and is reported to have the ability to persist in this desiccated environment for up to 2.5 years (Riedel & Lehner, 2007) . C. sakazakii is also naturally resistant to many different classes of antibiotics, making it difficult to control (Stock & Wiedemann, 2002; Hunter et al., 2008) . Development of effective prevention strategies to minimize the risk of C. sakazakii contamination in powdered infant formula are hence of great importance.
The use of bacteriophages and their derivatives to control food-borne pathogens in food and the food industry is fast becoming a worthy alternative, with numerous studies providing promising evidence of their potential against a broad spectrum of major and emerging food pathogens, including Salmonella enterica (Berchieri et al., 1991; Borie et al., 2008; Wall et al., 2010; Bardina et al., 2012; Lim et al., 2012) , Escherichia coli O157 : H7 (O'Flynn et al., 2004; Rozema et al., 2009; Rivas et al., 2010; Anany et al., 2011; Coffey et al., 2011; Viazis et al., 2011) , Campylobacter spp. (Loc Carrillo et al., 2005; Wagenaar et al., 2005; El-Shibiny et al., 2009) , Listeria monocytogenes (Gaeng et al., 2000; Leverentz et al., 2003; Guenther et al., 2009; Bigot et al., 2011; Zhang et al., 2012) and C. sakazakii (Kim et al., 2007; Zuber et al., 2008) , among many others. Bacteriophages have proven to be suitable for use at each stage of the farmto-fork continuum: from the decontamination of livestock, to sanitation of equipment and contact surfaces, to biocontrol in raw meats and fresh produce, as natural preservatives in foods to extend product shelf life (Goodridge & Bisha, 2011; Endersen et al., 2014) and also as biorecognition devices to detect harmful pathogens in food (Rees & Dodd, 2006; Botsaris et al., 2013; Singh et al., 2013; Endersen et al., 2014) .
Elucidating the genomic scaffolds of each bacteriophage considered for use as a biotherapeutic is essential. This is to ensure that the phage is exclusively lytic and is demonstrated to be absent of lysogenic capabilities responsible for the transfer of virulence factors among bacteria (Brüssow et al., 2004; Faruque & Mekalanos, 2012) . In addition, genome sequencing provides the foundation needed to gain more insight into phage-host interactions and bacterial evolution, whilst also providing the necessary information to further exploit their biotherapeutic properties.
Bacteriophage endolysins have also gained significant attention for their antibacterial properties in recent years. They possess the unique ability to rapidly degrade peptidoglycan, and for that reason they are particularly effective when applied exogenously to Gram-positive bacteria, resulting in complete bacteriolysis (Zimmer et al., 2002; Donovan et al., 2006; Obeso et al., 2008; Horgan et al., 2009; Briers et al., 2011; Lai et al., 2011; Doehn et al., 2013) . Their ability to control pathogenic bacteria has been demonstrated in several food-related applications (Gaeng et al., 2000; Zhang et al., 2012; Rodríguez-Rubio et al., 2013; Fenton et al., 2013) . In comparison, fewer studies have been conducted demonstrating the exogenous use of Gram-negative endolysins. Limited by the presence of an outer membrane, which prevents the endolysin from accessing the peptidoglycan, this represents an important challenge in using endolysins as novel biotherapeutics against Gram-negative pathogens and thus necessitates further investigation and development.
Currently, there are a total of 13 sequenced Cronobacter phage genomes available on the National Center for Biotechnology Information (NCBI) database, 12 of which were available at the time of the study. This is considerably sparse when compared with the plethora of sequenced phage genomes available against other genera. Here we report the full-genome sequence of a novel lytic bacteriophage, Cronobacter phage vB_CsaP_Ss1, infecting Cronobacter spp., with subsequent cloning and expression of its endolysin, capable of degrading Gram-negative peptidoglycan.
RESULTS AND DISCUSSION

Isolation and morphology
Cronobacter phage vB_CsaP_Ss1 was isolated from soil and produced small non-turbid plaques (~0.5-0.7 mm) on C. sakazakii strain ATCC BAA-894. Negative staining with 2 % uranyl acetate allowed the phage to be examined by transmission electron microscopy and classified into its appropriate viral morphotype. The micrographs revealed the virion to have an isometric head, 59.4±1.6 nm in diameter, accompanied by a short non-contractile tail 33.5±2.7 nm in length and 12.5±0.9 nm in width, collectively indicating that this virus belongs to the family Podoviridae (Fig. 1) . Of the Cronobacter phage genomes available in GenBank, phage vB_CsaP_Ss1 shares morphological characteristics with phage vB_CsaP_GAP52 and phage vB_CskP_GAP227, both members of the family Podoviridae.
Host range and efficiency of plaque formation
Analysis of the host-range results revealed that phage vB_CsaP_Ss1 largely infected bacteria within the C. sakazakii species, lysing seven of 15 C. sakazakii strains tested. In addition, it was found that vB_CsaP_Ss1 phage was also capable of infecting across species, lysing Cronobacter malonaticus strain DPC 6531 and Cronobacter muytjensii strain ATCC 51329. However, when tested against other Enterobacter spp. (Enterobacter gergoviae NCTC 11431, Enterobacter cloacae NCTC 11590 and Enterobacter aerogenes NCTC 10006), lysis was not evident (Table 1 ). The efficiency of plaque formation of the phage on each of the strains sensitive to infection was calculated as phage titre of the test strain/phage titre of the host strain on which phage vB_CsaP_Ss1 was propagated (Table 1) .
Sequencing and general features of phage vB_CsaP_Ss1
To date, limited data are available on the genomic scaffold and organization of Cronobacter phage genomes. Currently, there are a total of 13 fully sequenced genomes available in GenBank (ENT39118, ENT47670, ESP2949-1, vB_ CsaM_GAP161, vB_CsaP_GAP52, vB_CsaM_Gap31, CR5, vB_CskP_GAP227, vB_CsaM_GAP32, wES15, CR3 CR8 and CR9) , all in the order Caudovirales of which eight are members of the family Myoviridae, three of the family Siphoviridae and two of the family Podoviridae. Here, we present the nucleotide sequence results of a virulent
Cronobacter phage, vB_CsaP_Ss1, in the family Podoviridae. Attempts to assign phage vB_CsaP_Ss1 to a subgroup within this family proved unsuccessful, and hence this phage is currently placed in the unclassified subgroup (King et al., 2012;  http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup. cgi?taxid=10744). The genome of phage vB_CsaP_Ss1 was sequenced using 454 pyrosequencing technology and revealed that phage vB_CsaP_Ss1 is composed of 42 205 bp of dsDNA with a G+C content of 46.1 mol%. The G+C content was found to be significantly lower than that of its host (56.7 mol%) (Kucerova et al., 2010) . Although considered an unusual phenomenon, it has been documented that Escherichia coli phages T4 and JS98 also exhibit a lower G+C content within their genomes relative to their host bacteria (Zuber et al., 2007) . Through the combined use of gene prediction, BLAST, start codon identification, the presence of a putative Shine-Dalgarno sequence upstream from the predicted genes and use of a nucleotide cut-off of 100 bp, 57 putative ORFs were identified, with 22 coded on the forward strand and 35 on the reverse. The genome was densely packed, with~96 % of the genome occupied by coding sequences. All predicted ORFs had an ATG as the start codon. No tRNA genes were identified, indicating that phage vB_CsaP_Ss1 is well adapted to its host in terms of codon usage and does not require the transcription of additional tRNAs of its own. Alignment of phage vB_CsaP_Ss1 against GenBank, using the BLASTN algorithm revealed that vB_CsaP_Ss1 is a novel bacteriophage sharing little sequence identity at the nucleotide level to anything on the database. Its closest match was to Vibrio phage VH-P22, sharing 79 % sequence identity over 1 % of the genome. Other related nucleotide sequences included Cronobacter phage Uranyl acetate (2 %) was used to stain the phage for transmission electron microscopy. The virion possess an isometric head, 59.4±1.6 nm in diameter, accompanied by a short non-contractile tail 33.5±2.7 nm in length and 12.5±0.9 nm in width, collectively indicating that this virus belongs to the family Podoviridae. Bar, 50 nm. (Fig. 2a) . The tail region of Cronobacter phage vB_CsaP_GAP52 showed regions of low identity to the tail region of phage vB_CsaP_Ss1, represented by the ribbons demonstrating local alignments on the ideogram (Fig. 2b ). Comparative analysis of the deduced amino acid sequences of all ORFs with the NCBI protein and Pfam databases resulted in the allocation of putative functions for 18 of the 57 identified ORFs. All other gene products whose function has yet to be identified were designated hypothetical proteins ( (Botstein, 1980) . This theory was further developed by Hendrix et al. (1999) , who proposed that all dsDNA phage genomes were in fact mosaics, in which horizontal genetic exchange events occurred from a common genetic pool in a splurge of chance recombination events. Interestingly, a distinct change in coding dominance was observed in the genome of vB_CsaP_Ss1. The first 25 genes were on the forward strand, with the exception of three genes, followed by a dramatic change in coding orientation to the reverse strand for the remaining ORFs. Perhaps this is an indication of genetic mosaicism, which affords a genome
The Cricoletto online visualization tool was used to construct an ideogram to highlight the novelty of Cronobacter phage vB_CsaP_Ss1. (a) Sequence similarity across the whole-genome sequences of phage vB_CsaP_Ss1 and 12 complete Cronobacter phage genomes available in GenBank at the time of the study: CR3, CR5, CR9, ENT39118, ENT47670, ESP2949-1, wES15, vB_CsaM_GAP161, vB_CsaM_GAP31, vB_CsaM_GAP32, vB_CsaP_GAP52 and vB_CskP_GAP227, were determined using BLASTX. Ribbons represent local alignments on the ideogram. The colour-coding system of blue, green, orange and red, respectively, represent 25 % blocks up to a maximum score of 100 %. In addition, the histograms built on top of each ideogram represent the number of times each band hit a specific sequence, reading on all six ORFs (Bullman et al., 2013) .
(b) The tail region of vB_CsaP_Ss1 showed low identity to regions of phage vB_CsaP_GAP52.
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organization that is adapted to best survive its surrounding environment. The complete annotated genome sequence of phage vB_CsaP_Ss1 is shown in Fig. 3 .
DNA packaging and structural proteins
The mechanism by which phages package DNA into their capsids differs slightly, depending on their mechanism of replication and their overall size, but in general, the process is governed by two main proteins called terminases: a small subunit responsible for DNA binding and a large subunit for endonuclease function and pro-head fusion (Black, 1989; Wittmann et al., 2014) . The early genes clusters within the genome of phage vB_CsaP_Ss1 encode the DNA packaging and structural protein modules (Fig. 3 ). This gene cluster orientation is common among phage genomes, where the terminase module precedes the structural head and tail morphogenesis genes (Wittmann et al., 2014) . ORF4 was predicted to encode a large terminase subunit. This assumption was further strengthened by the presence of a terminase conserved motif located in the N-terminal part of ORF4. BLAST analysis of neighbouring genes did not result in the identification of the small terminase subunit. It is reported in the literature that the terminase subunits are often encoded adjacent to one another in the genome (Rao & Feiss, 2008) . Perhaps ORF3 plays a role in the terminase complex due to its direct location upstream from its counterpart. ORF5 displayed 32 % similarity to a portal protein from Pseudomonas phage tf; however, no conserved domains could be identified. Portal proteins are not very well conserved and are known to have a typical molecular mass of between 40 and 90 kDa. This putative protein was calculated to have a molecular mass of 80 kDa and in addition it is homologous to many other phage portal proteins, suggesting that this gene may play an essential role in DNA packaging, working in tandem with the terminase subunits to successfully translocate the DNA into the interior of the viral capsid (Dube et al., 1993; Simpson et al., 2000; Guasch et al., 2002; Moore & Prevelige, 2002) . Scaffold proteins often act as molecular chaperones, playing a catalytic role in the capsid assembly (Casjens & Hendrix, 1988; Preston et al., 1994; Martin and Hartl, 1997) . ORF7 possessed weak similarity to Pseudomonas phage tf scaffold protein. In the absence of experimental evidence, however, it is only possible to infer that this protein may act as a scaffold protein. ORF8 was predicted to encode the major head protein, supported by its similarity to the previously characterized protein of Pseudomonas phage PaP3. The tail morphogenesis module is located directly downstream from the head assembly module. ORF11, ORF12 and ORF16 were designated putative phage tail fibre proteins, showing similarity (41, 44 and 41 %, respectively) to predicted phage tail proteins ( Table 2 ). The remaining ORFs within the tail morphogenesis module could not be assigned a putative function based on conserved domain analysis or protein identity.
DNA replication
Sequence-based predictions identified many genes likely to be involved in DNA replication and nucleotide metabolism, namely ORF26 (DNA ligase), ORF27 (HNH homing endonuclease), ORF29 (DNA polymerase), ORF30 (putative DEDDH exonuclease), ORF33 (thymidylate synthase) and ORF37 (putative DNA/RNA helicase). The product of ORF26 was predicted to encode a DNA ligase, displaying 38 % similarity to a putative DNA ligase of Xanthomonas phage Xp15. The deduced protein also contained an acetylation DNA ligase-like domain, further strengthening the possibility that this gene product is involved in the catalysis of a phosphodiester bond that facilitates the joining of DNA strands during DNA replication and repair (Rossi et al., 1997) . A putative homing endonuclease, HNH_3, was identified for ORF27, showing similarity to other predicted HNH_3 enzymes (Gorbalenya, 1994) . In addition, ORF33 was predicted to encode a thymidylate synthase, further strengthened by the identification of a Thy1 conserved domain (Myllykallio et al., 2002) . These enzymes are thought to play a central role in the regulation of certain enzymes involved in DNA replication and metabolism (El-Arabi et al., 2013; Wittmann et al., 2014) . ORF29 appeared to encode a DNA polymerase III a subunit responsible for phage DNA replication, displaying 37 % similarity to that of Escherichia phage ECML-117. The identification of a polymerase and histidinol phosphatase domain at the N-terminal region of the protein and an additional DNA polymerase a subunit-like domain further strengthens this assumption (Aravind & Koonin, 1998) . Directly downstream from the a subunit lies a putative DNA polymerase e subunit (ORF30) sharing 36 % similarity with Pseudomonas phage SN. The identification of a DNAQ-like-exo conserved domain allowed us to further infer that this protein may function as the 59A39 proofreading function of the nucleotide polymerization complex (DeRose et al., 2002; Chikova & Schaaper, 2005) . ORF37 was found to share 36 % similarity with a putative DNA/RNA helicase from Rhizobium phage RHEph04. The identification of Pfam00271 helicase conserved C-terminal domain, a DEXDc-like conserved domain, strengthens this hypothesis (Lionnet et al., 2007; Rao & Feiss, 2008) . ORF44 is predicted to encoded a Holliday junction resolvase, inferred by the identification of a (RusA) conserved domain. RusA was initially isolated from E. coli and was found to act as a branch-cutting tool to resolve four-way DNA junctions by the introduction of paired cleavages during homologous recombination and DNA repair events (Sharpes et al., 1994; White et al., 1997; Sharples et al., 1999) . Primase enzymes are essential for DNA replication. They catalyse the synthesis of an RNA primer on which DNA polymerase acts, a process necessary to initiate DNA replication (Frick & Richardson, 2001 (Hobbs & Nossal, 1996) . ORF53 was weakly homologous to a conserved membrane protein from Cronobacter phage vB_CsaM_GAP31. This gene also contained a periplasmic binding domain type 1 conserved domain.
Host-cell lysis
At the terminal stage of the replication process, most tailed phages release their progeny from the host cell by the use of a dual-lysis system. This process is usually governed by a holin, responsible for forming pores in the membrane for the release of the second protein, the endolysin, which degrades the peptidoglycan resulting in cell death (Young, 1992; Young & Bläsi, 1995; Kropinski, 2006) . A gene encoding a putative holin could not be identified; however, ORF39 was predicted to encode a putative endolysin sharing 51 % similarity with a putative endolysin from Yersinia phage PY100 and is referred to henceforth in this paper as LysSs1. LysSs1 is a 15. (Fischetti, 2010; Walmagh et al., 2012) . However, Gramnegative endolysins of modular structure have also been identified (Briers et al., 2007; Fischetti, 2010; Payne & Hatfull, 2012; Walmagh et al., 2012) . Demonstrated in silico as a potential endopeptidase, LysSs1 was predicted to cleave the short peptide moieties that link the sugar polymers of the peptidoglycan. Conserved domain analysis revealed the presence of a VanY Pfam (SMART) and a peptidase M15_4 (CDD), both of which are described as a D-alanyl-D-alanine carboxypeptidase. Contrary to what has been described, it has been experimentally reported that Listeria phage endolysins Ply118 and Ply500 and the endolysin from bacteriophage T5, although classified as putative D-alanyl-D-alanine carboxypeptidases, actually display L-alanyl-D-glutamate activity (Loessner et al., 1995; Mikoulinskaia et al., 2009; Payne & Hatfull, 2012 Cerebrospinal fluid
Use of a Cronobacter phage endolysin for biocontrol residue is employed to play an electrophilic role catalysing enzymic cleavage. Approximately half of the identified metalloproteases are known to possess an HEXXH motif, experimentally identified to form part of the metal-binding site (Rawlings & Barrett, 1995; Barrett et al., 2004) . This particular motif could not be identified in the LysSs1 amino acid sequence; however, two additional conserved sequence motifs, HXXXXXXD and DXXH, typical of M15 metalloendopeptidases, subfamily C (http://merops.sanger.ac.uk) were identified (Fig. 4) . These motifs contain conserved amino acid residues (His66, Asp73, Asp130 and His133) that are thought to participate in metal-binding and catalysis (Korndörfer et al., 2008) . To demonstrate the lytic function of LysSs1, the complete nucleotide sequence was PCR amplified and inserted into the E. coli pQE60 expression vector, yielding the His-tagged variant pQE60-LysSs1. The native coding sequence and insert orientation were confirmed by sequencing across the multiple cloning site of pQE60-LysSs1. The recombinant plasmid was then chemically transformed into E. coli XL1-Blue, directing the synthesis of LysSs1. SDS-PAGE analysis was employed to confirm the overexpression of LysSs1, present in the soluble fraction of the cell lysate. The recombinant lysin was purified by affinity chromatography on an AKTA Prime Plus purification system. The purified fractions were pooled and desalted and again examined by SDS-PAGE, yielding a band of approximately 15 kDa, which corresponded to the predicted molecular mass of the now 16.5 kDa protein (LysSs1, 15.5+1 kDa, 66His tag). The peptidoglycan hydrolysing activity of LysSs1 was determined by zymogram on 25 Gram-negative strains and three Gram-positive strains from six different genera (Table 3 ). The purified protein lysed all 25 Gram-negative strains tested where lysis was evident after 1 h incubation at 37 u C in renaturation buffer (Fig. 5) . No lytic activity was observed for the three Grampositive strains tested after incubation for 24 and 48 h in renaturation buffer. These preliminary data suggest that LysSs1 is limited to the degradation of Gram-negative peptidoglycan, unlike other characterized Gram-negative endolysins whose spectrum of activity has been demonstrated against both Gram-negative and Gram-positive peptidoglycan (Lai et al., 2011; Walmagh et al., 2013) . A transformant containing the empty PQE60 vector was used as a negative control. In addition, the spectrum of activity of LysSs1 is far greater than that of the phage vB_CsaP_Ss1. LysSs1 demonstrated bacteriolytic activity against all 21 strains, whilst phage vB_CsaP_Ss1 was capable of infecting only nine strains. Development of a viable strategy for use exogenously is of primary consideration, with such boundaries overcome by Briers et al. (2014) .
CONCLUSION
Despite the major advances in modern technologies and in scientific research and development, bacterial contamination of food continues to pose a global threat to public health. A decrease in the efficacy of antibiotics due to the emergence of multidrug-resistant pathogens necessitates the development of novel alternatives to control bacterial pathogens in food and the food-processing environment. Accordingly, the genome sequence of bacteriophage vB_CsaP_Ss1 was analysed for potential enzymes that could be exploited for biocontrol of Gram-negative bacterial pathogens, in particular C. sakazakii. Consequently, the gene encoding the endolysin (LysSs1) was cloned, expressed and purified, and its bacteriolytic activity was demonstrated by zymogram analysis. The results revealed the enzyme's ability to degrade peptidoglycan from 25 different Gramnegative organisms and it thus represents a novel candidate with potential for biocontrol of Gram-negative pathogens in food and the food-processing environment.
METHODS
Phage isolation. A 5 g soil sample was added to 10 ml Luria-Bertani (LB) broth (Sigma-Aldrich), which had been inoculated with 100 ml of an overnight culture of the host bacterium, C. sakazakii ATCC BAA-894. This enriched sample was incubated at 37 uC overnight to allow host-specific phages to propagate if present. The sample was centrifuged at 3000 g for 10 min to pellet the remaining debris. The supernatant was filter sterilized using a 0.45 mm filter. One hundred microlitres of the filter-sterilized supernatant was added to 100 ml early-exponential phase C. sakazakii in a microfuge tube. The suspension was then added to 5 ml LB 0.40 % overlay agar tube 
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tempered at 50 uC and poured onto the surface of an LB agar plate. The plates were incubated at 37 uC for 24 h and examined for plaque formation.
Phage amplification and propagation. Presumptive phages were purified by successive single-plaque isolation and propagation on C. sakazakii. Briefly, a single isolated plaque was picked aseptically from an agar plate using a sterile capillary tube and added to 1 ml earlyexponential phase culture. The mixture was incubated with shaking at 37 uC overnight. The resulting lysate was centrifuged, filter sterilized and serially diluted followed by a standard plaque assay on C. sakazakii. Single-plaque purification was repeated three times, after which the purified phages were recovered. Plates were incubated at 37 uC for 48 h and then examined for plaques. High-titre phage suspensions were obtained by adding 5 ml bacteriophage buffer [50 mM Tris/HCl (pH 8), 150 mM NaCl, 10 mM MgCl 2 , 2 mM CaCl 2 ] to a standard plaque assay plate revealing confluent lysis. Phages were recovered by aseptically running sterile 'hockey stick' rods across the surface of the agar plate to physically disrupt the phages, whilst incubating for 2 h at 37 uC with shaking. The buffer was then recovered from the plate, centrifuged to pellet debris and filter sterilized using a 0.2 mm filter. The phage titre was assessed using a spot plaque assay test, where 10 ml serial diluted phage suspension was spotted onto C. sakazakii-seeded indicator plates. Purified high-titre phage solutions were stored at 4 uC until further use.
Electron microscopy. Transmission electron microscopy was performed according to Kelly et al. (2012) . Briefly, a phage stock was prepared from LB broth lysates to achieve a titre in excess of 10 8 p.f.u. ml 21 . The sample was negatively stained with 2 % (w/v) uranyl acetate on freshly prepared carbon films. Grids were analysed using a Tecnai 10 transmission electron microscope (FEI Company) at an acceleration voltage of 80 kV. Micrographs were taken with a MegaView II CCD camera (Olympus SIS).
Host range of phage vB_CsaP_Ss1 and efficiency of plaque formation. The host range of the phage was examined against 21 different Cronobacter/Enterobacter species, many of clinical origin. Host range was determined by a spot test technique as described previously (O'Flaherty et al., 2005) . The efficiency of plaque formation of phage vB_CsaP_Ss1 on each strain was also calculated as described previously (Kutter & Sulakvelidze, 2005) .
Phage DNA preparation. DNA was extracted from 10 aliquots of pure high-titre phage suspensions. Briefly, 1 ml DNase and 10 ml 10 mg RNase A ml 21 (Sigma-Aldrich) was added to 750 ml high-titre phage suspension and incubated for 10 min at 37 uC. Next, 150 ml STEP lysis buffer (0.5 M EDTA, 10 % SDS, 1 M Tris/HCl (pH 8)] and 10 ml 10 mg proteinase K ml 21 (Roche Diagnostics) were added. After incubation for 30 min at 65 uC, 750 ml chloroform : isoamyl alcohol : phenol (24 : 24 : 1) (Sigma-Aldrich) was added, mixed thoroughly and centrifuged at 8400 g for 5 min. The upper layer was carefully removed and transferred to a new sterile tube. This step was repeated using 750 ml chloroform : isoamyl alcohol (24 : 1). Sodium acetate solution (3 M; pH 5.1) was added to give a final concentration of 0.3 M. Next, 0.7 vols 100 % 2-propanol was added before the sample was placed in a 220 uC freezer for 24 h. The tubes were then centrifuged for 5 min at 8400 g. The supernatant was carefully removed and discarded. The pellet was washed in 1 ml 70 % ethanol and centrifuged at 8400 g for a further 5 min. The ethanol was removed and the pellet was placed in a Rotovap (DNA speed Vac, DNA 110; Savant Instruments) on low power for 2-3 min to remove any remaining ethanol. The pellet was resuspended in 30 ml distilled water and dissolved at 55 uC for 1-2 h. All 10 samples were pooled and the DNA concentration was assessed using the Nanodrop spectrophometer (Nanodrop ND1000).
Genome sequencing and annotation. Bacteriophage genomic DNA was sequenced using 454 pyrosequencing on a GS-FLX+ sequencing platform (Roche). De novo sequence assembly into two contigs was performed using the GS assembler software package. The quality of the raw assembly reads were visualized using the programme Hawkeye (Amos) (Schatz et al., 2011) and the Consed program (Gordon, 2003) . Primers were designed at the end of the contigs, and the final structure was confirmed by PCR and sequencing. MEGABLAST was employed to compare the complete genome sequence against the NCBI database. Sequence similarity between the complete genome sequence of vB_CsaP_Ss1 and the available Cronobacter phage genomes (CR3, CR5, CR9, ENT39118, ENT47670, ESP2949-1, wES15, vB_CsaM_GAP161, vB_CsaM_GAP31, vB_CsaM_GAP32, vB_CsaP_ GAP52 and vB_CskP_GAP227) was conducted by constructing an ideogram, using the Circolette online tool (Darzentas, 2010;  Hyatt et al., 2010) online tools were used to predict the ORFs. The BLASTP algorithm against the non-redundant protein database and CDD, provided by NCBI, was used to assign putative functions to many of the identified ORFs (ftp://ftp.ncbi.nih.gov/blast/db). The genome annotation was then manually verified using ARTEMIS (Carver et al., 2008;  http://www.sanger.ac.uk), where subsequent curation of all start positions, stop positions and putative genes was performed with the aid of ARTEMIS and BLASTP outputs (Table 1) . A tRNA scan was conducted using tRNA scan-SE (Lowe and Eddy, 1997; http://lowelab. ucsc.edu/tRNAscan-SE/). In addition, tRNA and mRNA scans were also performed using the online tool ARAGORN (Laslett & Canback, 2004; http://130.235.46 .10//ARAGORN/). The predicted gene product of ORF39, referred to here as LysSs1, was analysed using the CDD (http://www.ncbi.nlm.nih.gov/cdd) and SMART (PFAM) (http://smart. embl-heidelberg.de/) domain analysis online tools.
Cloning of the phage-derived endolysin LysSs1. ORF39 was amplified from genomic DNA by PCR using KOD Hot Start DNA polymerase (Novagen). The specific primers used for amplification were as follows: forward primer, 59-AATCCATGGGCTTTGAGCTG-GGCAAAAC-39; and reverse primer, 59-CATAGATCTGTTTATTTCA-AAGTGAGGGGAGTC-39. The amplified ORF39 containing a 66His tag was cloned into the commercially available pQE-60 expression vector (Qiagen) and chemically transformed into competent E. coli XL1-Blue cells (Stratagene). Transformants were screened for positive clones on LB agar containing 200 mg ampicillin ml
21
. Sequence verification was initially analysed by conventional gel analysis and confirmed by sequencing to ensure the selected insert possessed the correct coding sequence and was in the proper orientation.
Overexpression of LysSs1. Recombinant ORF39 was expressed for 5 h at 37 uC with shaking (170 r.p.m.) following induction of midexponential-phase (OD 600 50.5) E. coli XL1-Blue(pQE-60)ORF39 expression cells in superbroth medium containing IPTG (final concentration 1 mM) (MP Biomedicals). After 5 h of incubation at 37 uC, expression was halted and the cells were harvested by centrifugation (12 000 g for 20 min). The cell pellets were suspended in 20 mM sodium phosphate buffer (pH 7.4) containing 0.5 M sodium chloride and 40 mM imidazole, and were disrupted using Bugbuster (Novagen). Samples were shaken at 120 r.p.m. for 20 min, after which they were centrifuged at 6000 g for 20 min to separate the soluble and insoluble protein suspensions.
Purification of LysSs1. The soluble fraction of the protein suspension was applied to an Ä KTA Prime affinity chromatography automated system (GE Healthcare), where a HisTrap FastFlow crude Use of a Cronobacter phage endolysin for biocontrol 1 ml column (GE Healthcare) was employed for protein binding, coupled with the Ä KTA Prime Plus pump (GE Healthcare). Crude lysate (3 ml) was injected into the sample loop of the Ä KTA Prime. Eluted fractions were pooled, desalted (Zeba spin columns; Thermo Scientific) and analysed by SDS-PAGE.
SDS-PAGE and zymogram analysis. SDS-PAGE was used to visualize the proteins present in the soluble and insoluble crude lysate fractions as described by Kelly et al. (2012) . Briefly, 30 ml sample was added to 20 ml sample buffer [3.55 ml deionized H 2 O, 1.25 ml 0.5 M Tris/HCl (pH 6.8), 2.5 ml glycerol, 2.0 ml 10 % SDS and 0.2 ml 0.5 % bromophenol blue)]. Prior to use, 50 ml b-mercaptoethanol was added to 950 ml sample buffer. Samples were boiled for 5 min. Following separation of proteins on a 15 % resolving gel running at 200 V for 1 h, proteins were visualized by staining with Coomassie Brilliant Blue R250 solution (0.05 % Brilliant Blue R250, 25 % 2-propanol, 10 % acetic acid) for 1 h and destained with a solution containing 40 % ethanol and 7 % acetic acid for an additional 1 h . Following the identification of LysSs1 by SDS-PAGE analysis, the lytic activity of the endolysin was determined by zymogram analysis. The procedure is similar to the SDS-PAGE method, but with the addition of a substrate. The substrates used in this experiment were heat-killed Gram-negative and Gram-positive bacteria (see Table 3 ). An SDS (15 %) polyacrylamide separating gel was used to separate out the proteins. Samples were loaded onto the gel and run at 150 V for 1 h. The gel was then removed and soaked in distilled water before being transferred to renaturation buffer [25 mM Tris/HCl (pH 8.0), 1 % Triton X-100]. The gel was incubated at 37 uC with gentle agitation and examined after 30 min, 1 h, 24 h and 48 h for the presence of clearing.
